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Erythropoietic protoporphyria (EPP), an in-
born error of porphyrin metabolism was re-
cently defined by Magnus, Jarrett, Prankerd
and Rimington (1). The condition is character-
ized by marked cutaneous photosensitivity ap-
pearing at an early age and associated with
lesions of varied morphology (2—7). Biochemical
studies have revealed abnormally large amounts
of protoporphyrin, and to a lesser extent copro-
porphyrin, in the red blood cells and feces of
the affected individuals (1). Close agreement has
been demonstrated between the absorption spec-
trum of the protoporphyrin molecule and the
action spectrum of the disease (1). It now ap-
pears that the disease is inherited as a dominant
gene with irregular penetrance (5).
In previous reports, the observation of in
vitro photohemolysis in EPP with radiation in
the 4000 A range was noted by our group (7,
8). The purpose of this paper is to report on
the mechanism producing the in vitro photo-
hemolysis.
MATERIALS AND METHODS
The red blood cells were obtained from four
patients (previously reported (9)) with EPP. All
of these had increased proto- and coproporphyrin
levels totaling 180—1700 micrograms/lOO ml of
packed red blood cells (10, 11).
Irradiation of these cells was carried out simul-
taneously with irradiation of red blood cells ob-
tained from normal volunteers, nsing the technic
previously described by Cook and Blum (12).
The red blood cells were washed three times and
re-snspended in a 1:400 dilution of an isotonic
sodium chloride-phosphate buffer. A monocellular
film was approximated by placing 1 ml of cells in
quartz cups 2.5 cm in diameter. The cells were
exposed to 4000 A radiation, using the light source
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and apparatus previously described (8). Photo-
hemolysis was assayed by means of direct cell
counts in a hemocytometer before, during and
after exposure.
In addition, the previously described apparatus
was modified to permit irradiation of larger sam-
ples of red blood cells. Accordingly, 02 ml of
packed red blood cells were diluted to 20 ml with
the same isotonic NaC1-P04 buffer. These were
then snspended in a rotating 50 ml test tube
mounted over the light source at a target cell dis-
tance of 6.5 cm. The irradiation administered was
3.10° ergs/cm° of 4000 A energy (equivalent to
45 minutes under a bank of 4 fluorescent black
lights). Potassium and hemoglobin were assessed
in the EPP supernatant fluid before, during and
after irradiation, as well as in a non-irradiated coo-
trol specimen. Potassium levels were measured
flame photometrically and hemoglobin was meas-
ured spectrophotometrically as acid hematin.
The above procedure of assaying pbotohemoly-
sis was repeated, using a suspending medium of
1:1 mixture of isotonic buffered NaC1 and 0.3 M
(also isotonic) sucrose.
RESULTS
Figure 1 shows the results of cell counts at
various intervals during and following irradia-
tion. It is apparent that damage caused by the
initial exposure to irradiation is adequate to
cause total hemolysis of these cells following the
removal of the source of irradiation. Normal red
blood cells showed negligible hemolysis after
similar exposure.
Figure 2 reveals that essentially all the cellular
potassium was released from the cells of EPP
patients before significant hemolysis bad oc-
curred.
The data in Figure 3 indicate that bemolysis
was largely prevented by suspending the pa-
tients' cells in a 1:1 mixture of isotonic buffered
sodium chloride and isotonic sucrose.
DISCUSSION
It should be emphasized at the outset that
photohemolysis in vivo has never been impli-
cated as a manifestation of EPP. Magnus et al
(1) state that the fragility curve and the half-
life of Cr°'-labeled cells arc essentially normal
in this disease, and either one or both of these
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indices would be altered if intravascular hemoly-
sis Were a significant factor. Our purpose in
studying the in vitro photohemolysis was, there-
fore, not to characterize a clinically observed
lesion of EPP, but rather to use these proto-
porphyrin-containing erythroeytes as a model
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Fm. 1. Following 60 minutes of irradiation, com-
plete hemolysis was observed 100 minutes later.
Control red blood cells showed negligible hemoly-
sis.
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system for studying cells which are sensitive to
light. Some of the possible implications of the
results obtained with tIns model will be pointed
out below.
The initial observation is that EPP cells are
indeed sensitive to "blacklight" radiation. The
output of these lamps is in the range of 3300 to
4500 A, peaking at about 3700 A. The emission
spectrum overlaps the major portion of the ab-
sorption spectrum of protoporphyrin and the
action spectrum of EPP as determined by Mag-
nus et al (1). There seems little doubt that al-
though eoproporphyrins, also absorbing in the
4000 A range, are slightly elevated, it is the
protoporphyrin that is the light absorber re-
sponsible for initiating the hemolysis process.
The presence of other naturally occurring red
cell pigments which absorb in this range (e.g.,
hemoglobin) does not lead to hemolysis of con-
trol cells. It appears reasonable to assume that
the radiant energy absorbed is transferred to
some other cell component and results in the
alteration of that component, rather than in
the destruction or chemical alteration of proto-
porphyrin.
The localization in the red blood cell of the
light absorber is a question of some importance.
Cripps (personal communication) has stated
that, in fluorescent microscope observations,
only a fraction of EPP cells (never more than
60%) show typical protoporphyrin fluorescence.
Nevertheless, we have always observed 100%
Fm. 2. Loss of potassium ions significantly preceded observable hemolysis and hemo-
globin loss. Normal control cells showed no significant change.
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hemolysis in our experiments, even if the cells
are incubated in the dark before any significant
lysis has occurred. It appears that photosensiti-
zation is not necessarily associated with elevated
intracellular protoporphyrin. For reasons to be
outlined below, we believe that the primary
photochemical event in hemolysis due to proto-
porphyrin occurs at the cell membrane. There-
fore, it seems likely that non-fluorescent cells
were sensitized by protoporphyrin absorbed
from the plasma phase.
Our results are similar to those seen in other
types of photohemolysis, specifically, hemolysis
by ultraviolet radiation below 3200 A or photo-
dynamic hemolysis in the presence of an exoge-
nous photosensitizer (12). In these systems,
partial hemolysis is not observed, nor is there
any evidence for a threshold dose if one extrapo-
lates from hemolysis rates at high radiation
doses. Instead, a population of cells exposed to
a brief period of radiation will completely lyse
in the dark; the radiation dose affects the rate,
but not the extent of lysis.
The fact that hemolysis continues in the dark
after the initial radiation exposure suggested
that thc mechanism might be "colloid osmotic
hemolysis," proposed by Wilbrandt (13). The
theoretical basis of the mechanism arises from
the fact that red blood cells contain charged
molecules, particularly hemoglobin and organic
phosphates, which cannot normally penetrate
the cell membrane. If the cells were freely
permeable to small ions (K, Nat, and Cl-),
these ions would be distributed in a Gibbs-Don-
nan equilibrium. In such an equilibrium, how-
ever, the concentration of osmotically active
particles within the cell exceeds the concentra-
tion outside. The cells would therefore take up
water and lyse. Such lysis does not occur in
normal red cells because the internal ion con-
centration is maintained at less than equilibrium
levels by the active transport of eations. The
passive (leak) permeability to cations is low,
and ions which leak down their electrochemical
potential gradients (toward Gibbs-Donnan equi-
librium) are transported back against these
gradients by ion pumps (14). This mechanism
of volume maintenance has been established in
greatest detail for erythrocytes, but is probably
also true for all mammalian cells. Colloid os-
motic hemolysis occurs when the "leak" perme-
ability is increased to the point where the active
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Fm. 3. Photohcmolysis of EPP cells suspended
in isotonic NaC1-PO,-buffer and isotonic NaC1-
P0,-sucrose buffer. Continuous irradiation through-
out experiment. Addition of sucrose to external
media of cells had marked effect in the inhibition
of photohemolysis during period of continuous
irradiation.
transport mechanisms cannot compensate for
the accelerated passive ion movements. The net
influx of cations then exceeds the efflux, small
anions (principally chloride) and water follow
passively, and the cells swell to their hemolytic
volume.
There are two characteristics of this colloid
osmotic mechanism which we have observed
with the irradiated EPP cells. First, if the lysis
were due to some grossly disruptive effect, such
as tears in the cell membrane, both the intra-
cellular W and hemoglobin would be released
at the same time. In the colloid osmotic mecha-
nism, the ion movements precede lysis. Potas-
sium leaves the cells as sodium enters from the
medium; there is little gain in net cation content
and little volume change even after most of the
potassium has been lost.* Thereafter, the net
gain in ion content and in cell volume continues
slowly, relative to the rate of potassium loss.
Consequently, in eolloid osmotic hemolysis, the
release of hemoglobin into the medium occurs
much later that the release of potassium. This
time difference is clearly evident in Figure 2.
A second characteristic of colloid osmotic
hemolysis is the protection observed after sub-
stituting non-penetrating solutes for the normal
electrolytes in the medium. In appropriate eon-
* For a more quantitative description of colloid
osmotic hemolysis, (see Cook '65, Ref. 15).
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centrations, such solutes maintain the normal
osmotic pressure of the medium while reducing
the extracellular ion concentrations. Since the
external concentration is low, while the internal
concentration is normal, the net ion fluxes
following the radiation lesion are outward
rather than inward, and the cells shrink rather
than swell. Such protection against observable
hemolysis occurs only if the protecting com-
pound cannot itself penetrate into the cell. It
can be seen in Figure 3 that replacing half the
NaCl of our standard medium with sucrose
greatly inhibited, although it did not entirely
prevent, the photohemolysis of EPP cells. This
observation is not only consistent with the eol-
bid osmotic mechanism but also implies that
the size of radiation lesion is large enough to
allow cation movements, but too small to permit
significant penetration of sucrose into the cells.
This would suggest that the radiation lesion in
the cell membrane is not larger than 1OA in
diameter, as this is the estimated diameter of the
sucrose molecule (16).
In vivo photohemolysis is not a complication
of EPP. As previously stressed, the present ex-
periments demonstrate the existence in (or on)
EPP cells of an endogenous photosensitizer,
presumably protoporphyrin. If one thinks of
hemolysis as an example of a grossly observable
lesion which does not necessarily become mani-
fest until some hours after the radiation ex-
posure, the eolloid osmotic mechanism provides
a rational explanation for the "latent period."
It is tempting to propose that the skin lesions
observed in EPP are similarly due to the break-
down of epidermal or cutis cells or their sub-
cellular organollos which have been photosonsi-
tized by protoporpbyrin. The deposition route
of the porphyrin would follow as a result of
demonstrated elevated plasma levels. The por-
phyrin would then diffuse into the skin, or
perhaps remain on endothelial cells of the
superficial cutaneous blood vessels. Following
radiation exposure, very small photochemical
lesions could lead by a colloid osmotic mecha-
nism to the eventual breakdown either of cells
or of organellcs such as lysosomes. Breakdown
of the latter could release cytolytic products
which might be responsible for the grossly ob-
servable lesions. The latency before the appear-
ance of such lesions would depend on the
magnitude of the radiation exposure coupled
with the quantity of porphyrin present at sensi-
tive loci; the severity of the lesion would depend
on the number of cells (or organelles) affected
beyond the capacity of normal physiological
processes to repair or compensate for the
photochemical damage.
SUMMARY
Four photosensitive patients with EPP showed
markedly elevated RBC protoporphyrin levels.
In vitro exposure of a monolayer of their RBC
in buffered saline to 3 x 106 crgs/mm2 of 4000
A irradiation (= 45 minutes under a bank of
fluorescent black lights) produced complete
hemolysis within 24 hours; normal RBC showed
negligible hcmolysis after similar exposure. All
of the cellular potassium was released from the
patients' cells before the onset of significant
hemolysis. Hemolysis was largely prevented by
suspending the patients' cells in a 1:1 mixture
of isotonic buffered NaCI and isotonic sucrose.
These findings suggest that the initial photo-
chemical lesion is of a "small hole" nature, creat-
ing channels through which small ions (but not
sucrose) can diffuse. Since the effect of the
intracellular colloid is offset by addition of su-
crose to the external medium, the lesions appear
to be less than 10 A in diameter.
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